Evaluation of porous ceramic cathode layers for solid oxide fuel cells by Haart, L.G.J. de et al.
Mat. Res. Bull., Vol. 26, pp. 507-517, 1991. Printed in the USA. 
0025-5408/91 $3.00 + .00 Copyright (c) 1991 Pergamon Press plc. 
EVALUATION OF POROUS CERAMIC CATHODE LAYERS 
FOR SOLID OXIDE FUEL CELLS 
L.G.J. de Haart, K.J. de Vries 
University of Twente, P.O. Box 217, 
7500 AE Enschede, the Netherlands 
A.P.M. Carvalho, J.R. Frade, F.M.B. Marques 
Universidade de Aveiro, 3800 Aveiro, Portugal 
(Received February 20, 1991; Communicated by A.W. West) 
ABSTRACT 
Sro.15Lao. BsMn03 layers with 2 and i0 ~m thickness, 
deposited on zirconia based electrolytes, were evaluated 
as cathodes for high temperature applications. Different 
electrode layers were characterized in terms of 
thickness, porosity, three phase boundary line per unit 
area (TPBL), and concentration polarization behavior. 
Electrodes with maximum porosity and TPBL exhibit minimum 
concentration polarization losses at constant current 
density. 
MATERIALS INDEX: lanthanum, manganese, platinum, zirconia 
Introduction 
The development of technological applications based on ionic 
transport properties of zirconia electrolytes is strongly 
dependent on the successful development of different components 
for such applications. Noble metal electrodes like Pt, used for 
many years in laboratory experiments, are not acceptable for 
technological applications due to their high cost. Ceramic 
electrode materials are an interesting alternative if they can 
meet some specific requirements. For Solid Oxide Fuel Cells 
(SOFC) or Steam Electrolyzers (SE) they must have high electrical 
conductivities, adequate catalytic properties, long term 
stability, and physical and chemical compatibil ity with the 
electrolyte. The first criterion is of great importance for these 
current carrying devices to reduce ohmic losses and ensure 
optimum economical performance. The remaining requirements are 
still valid for open circuit applications like oxygen sensors. 
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In recent years, a large effort has been made to identify the 
optimum combination of properties in perovskytes based on LaCoO3 
or LaMnO3 doped with Sr or Ca. While the highest electrical 
conductivities were found for the Co based materials [1-3], the 
perovskytes based on LaMnO3 exhibit better stability towards the 
electrolyte and thermal expansion coefficients reasonably similar 
to yttria stabilized zirconia (YSZ) [1,4]. Some of these 
materials were already evaluated as cathode materials for SOFC, 
with very promising results [4]. 
Polarization measurements performed with point type 
electrodes are quite useful in order to identify the relative 
behavior of different materials, but extrapolation of results for 
actual electrode layers is not straightforward. Electrode 
morphology is expected to be of fundamental importance in 
determining polarization losses [1,5]. To obtain minimum ohmic 
losses with a constant layer thickness, electrode layers should 
have small porosity. However, dense electrode layers with minimum 
porosity will block gas phase mass transport, resulting in high 
concentration polarization losses. For porous electrode layers 
the electrode morphology determines the extent of the three phase 
boundary line per unit area (TPBL), where electrode, electrolyte 
and gas phase are in contact. Optimum performance is expected for 
electrode layers with the largest TPBL at constant porosity. In 
the past the influence of these parameters on the behavior of 
noble metal electrodes has been studied [6]. However, in this 
case working temperatures were usually low to avoid changes on 
electrode morphology due to metal sintering. Little information 
is available on these aspects for ceramic electrodes. The present 
research was conceived to evaluate the role of different 
morphological aspects of Sr-doped LaMn03 (SLM) cathode layers on 
concentration polarization contribution. 
Economical aspects are also of fundamental importance when 
selecting deposition techniques for large scale production. 
Filcoating is a well developed technique that meets these 
criteria. In previous work the appropriateness of this technique 
to produce layers with controlled thickness and morphology has 
already been demonstrated [7]. This deposition process and 
Sro.15Lao.85Mn03, one of the ceramic materials that exhibits some 
of the above mentioned requirements for a SOFC cathode, were 
selected for the present research for these reasons. 
Experimental Procedure 
SLM materials were prepared following a citrate synthesis 
route [8]. XRD patterns agreed with results mentioned in 
literature [9]. Grain size separation was obtained by 
centrifuging suspensions of LSM powder in isopropyl alcohol. 
Different suspensions were prepared starting from powders with 
different grains size distributions. These suspensions were used 
in the deposition technique. The substrates were disks of YSZ, 
with about 13 mm diameter and 1 mm thick, prepared from 
commercially available YSZ powder (Zircar, Zr02-12 wt% Y203). The 
YSZ substrates were polished with diamond paste, ultrasonically 
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c leaned in isopropyl  a lcohol  and degreased in boi l ing hexane, 
pr ior  to layer deposit ion.  Then the YSZ substrates were immersed 
in the SLM suspensions and wi thdrawn at a constant  speed. Layer 
th ickness could be contro l led by vary ing the wi thdrawal  speed and 
the number of successive dips, whi le the layer morpho logy was 
strongly af fected by the start ing powder grain size distr ibut ion.  
After drying, layers were f ired in order to achieve good 
mechanica l  stabi l i ty  and adhesion to the electrolyte.  A deta i led 
descr ipt ion  of the depos i t ion technique can be found elsewhere 
[7]. In the present work, e lectrode layers character izat ion was 
most ly  based on SEM observat ions of cross sect ions (for th ickness 
evaluation) and layer morphology. 
Concentrat ion  po lar izat ion exper iments were per formed on YSZ 
disks wi th  SLM electrodes deposi ted on one side of the cel l  and 
porous p lat inum electrodes deposi ted on the other side. The 
e lectroded disks were sealed against an impervious alumina tube 
with a Pyrex glass seal. A n i t rogen stream was forced inside this 
a lumina tube in order to contact with the SLM cathode, whi le the 
Pt e lectrode was kept in contact with air. The open c ircuit  emf 
of the cel l  was used as a measure of the oxygen content in the 
streaming nitrogen, assuming that the Nernst  Law was obeyed. With 
proper e lectr ica l  connect ions,  a d.c. source was used to impose 
d i f ferent  vol tages to the cell. Under c losed c i rcui t  condit ions 
both cel l  vol tage and current intens i ty  were recorded. The 
exper imenta l  setup is schemat ica l ly  shown in Figure i. The 
ceramic e lectrodes were connected to the Pt current  col lector  by 
a pa inted Pt grid, to ensure near ly  un i form current densi ty  
throughout  the e lectrode cross section. 
air 
Pt electrode ~SLM 
YSZ "~glass fseal 
Pt wires a/lumina tubes \ 
nitrogen 
furnace chamber 
FIG. 1 
Schematic  representat ion of the exper imental  setup 
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Results and Discussion 
Cathode layer morphology 
SLM layers with 2 and i0 ~m thickness presented the typical 
characteristics described in Table I for specimen A and B, as 
determined from SEM photos using point counting and the line 
intercept method [i0]. A porous Pt layer was analyzed for 
comparison and the results are also included in Table I. 
Concentration polarization measurements performed on cells with 
these electrode layers are reported in the next section. 
TABLE I 
Electrode Layer Characterization 
Specimen\ Electrolyte Three-phase Avg. pore 
thickness uncovered bound, line diameter 
(~m) area (%) (mm/mm 2 ) (~m) 
A \ 2 29% 8.9xi02 1.6 
B \ I0 <5% <40 = 2 
Pt \ 3 42% 3.3xi0 m not applicable 
Data included in Table I show that layer A is slightly better 
than the porous Pt electrode in what concerns to the TPBL, 
although the electrolyte uncovered area is smaller for the 
ceramic electrodes. Electrode layer B exhibits the worst results 
in terms of both TPBL and electrolyte uncovered area. The 
differences between layers A and B can be qualitatively 
understood from SEM micrographs (Figures 2 and 3). 
(a) (b) 
FIG. 2 
Micrograph of SLM layer A: {a) top view; (b) cross section. 
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(a) (b) 
FIG. 3 
Micrograph of SLM layer B: (a) top view; (b) cross section. 
Concentrat ion  po lar izat ion measurements  
At IO00°C z irconia based e lectro lytes such as YSZ are pure 
ionic conductors  for oxygen pressures ranging from ambient 
pressure to less than 10 -15 Pa [Ii]. In such condit ions, a 
vol tage V appl ied to the e lectro lyte  results in e lect rochemica l  
t ransport  of oxygen through the material .  The mobi le  ionic 
defects  are oxygen vacancies and cathodic reduct ion of oxygen 
requires the react ion of an oxygen atom with two electrons and 
one oxygen vacancy. The actual  sequence of steps in this react ion 
depends on d i f ferent  parameters  (working condit ions,  mater ia ls  
character ist ics ,  etc.) but the overal l  cathodic react ion can be 
descr ibed by: 
Vo °" + 1/2 02(g) + 2 e' -> Oo x (i) 
using the Kroger -V ink  notation. Accordingly,  Vo "° corresponds to 
a fu l ly  ionized oxygen vacancy, e' represents one electron, Oo x 
an oxygen ion on its regular  latt ice posit ion, and 02 an oxygen 
molecu le  in the gas phase. The usual  assumptions are that oxygen 
is suppl ied by the atmosphere, oxygen vacancies are present  in 
the electrolyte,  and e lectrons are suppl ied by the e lectrode 
mater ia l .  Therefore the react ion must take place near the TPBL, 
where electrode, e lectro lyte  and gas phase are in contact, as the 
concentrat ion  and mobi l i ty  of each species par t ic ipat ing  in the 
react ion is usual ly  small  except in one of these phases. 
Oxygen supply to the react ion sites requires oxygen transport  
from the gas phase. The dr iv ing force for oxygen transport  in gas 
phase is the oxygen pressure gradient. Assuming un id i rect iona l  
transport,  from Fick's d i f fus ion law and Faraday's  law it can be 
shown that the current  dens i ty  in the cel l  (J) is re lated to the 
oxygen pressure gradient  in the gas phase (dP/dx) by: 
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J = (4FD/RT) dP/dx (2) 
Insufficient supply of oxygen results in local drop in the oxygen 
partial pressure at the gas/electrolyte interface, causing an 
increase in the driving force for oxygen diffusion in the gas 
phase. This increase in the driving force for oxygen supply leads 
to an increase in concentration overpotential. The maximum flux 
of oxygen in the gas phase and the corresponding limiting current 
density (J=) will be proportional to the oxygen partial pressure 
in the streaming gas (P) [12]: 
J= = (4FD/RT).(P/6t) (3) 
In this expression 6t corresponds to the equivalent boundary 
layer thickness, where the drop in oxygen partial pressure 
occurs, D corresponds to the oxygen diffusion coefficient in the 
gas mixture, T is the absolute temperature, and R and F have 
their usual significance. For a well defined electrode and 
typical working conditions, the cathodic concentration 
overpotential (~)  depends on the current density as [12]: 
~c = - (RT/4F).In (1-J/J=) (4) 
From this equation it can be concluded that as the current 
density approaches the limiting value J=, the concentration 
overpotential becomes increasingly important. 
The parameter 6=, introduced in eq. (3), should not be 
identified as the electrode layer thickness. Actually, 6t 
corresponds to the sum of different resistances to gas phase 
oxygen transport. These contributions include the resistance to 
the transport process of oxygen outside the electrode pores, 
which strongly depends on the gas flow rate, and the resistance 
to oxygen transport inside the electrode pores, which depends on 
electrode characteristics. With reasonably high gas flow rates 
the former contribution becomes negligible, and 6t will depend 
mostly on electrode thickness, porosity, and morphological 
characteristics [5]. In these circumstances, for constant 
temperature, gas flow rate, and oxygen partial pressure, 6t 
conveniently describes the electrode behavior in terms of 
resistance to gas phase mass transport. From eq.s (3) and (4) it 
can be seen that large values of 6t (or small limiting current 
densities) indicate that one electrode will originate high 
concentration polarization losses, while for small values of 6~ 
(large limiting current densities), concentration polarization 
losses will become small. 
Polarization measurements performed in this work have used 
this approach to characterize different cathode layers. The 
applied voltage to the cell was increased until mass transport 
limiting conditions were reached. A simple cell with two 
electrodes is enough to obtain the relevant information: the 
oxygen content in the flowing gas mixture and the corresponding 
limiting current densities. Different oxygen contents in the 
streaming nitrogen were imposed to identify the electrode 
behavior in a range of oxygen pressures. 
Vol. 26, No. 6 CERAMIC CATHODES 513 
Figure 4 includes two typical  curves re lat ing the cel l  
current dens i ty  (J) to the appl ied voltage (Vp) corrected for the 
open c ircuit  e lect romot ive force (V~), in order to ensure that 
the curve starts at the origin. In this figure, curve b 
corresponds to the Pt e lectrode whi le curve a represents the SLM 
electrode layer B. One interest ing observat ion is that both 
curves deviate from ohmic behavior  in d i f ferent  ways. Whi le for 
the Pt e lectrode deviat ion increases progress ive ly  with appl ied 
voltage, for the SLM electrode the curve exhibits  an inf lect ion 
point. This behavior  may be the result  of changes in e lectrode 
k inet ics when the SLM layer is cathodica l ly  polarized. It has 
a l ready been suggested that under cathodic po lar izat ion SLM 
oxygen vacancies part ic ipate d i rect ly  in the cathodic react ion 
[13]. This fact would result in an increasingly large surface 
area for cathodic react ion with increasingly high cathodic 
polar izat ion.  In this manner the increase in concentrat ion 
po lar izat ion with increasing current density might be temporar i ly  
susta ined by the increase in react ion surface area. This would 
indicate that l imit ing current  densi t ies  obtained in this manner 
are overest imated in terms of actual behavior  for SOFC operat ion 
where air is present and smaller cathodic concentrat ion 
overpotent ia ls  are expected. 
35 
E 
r.j 
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30-  b 
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20- .  ~ /  a 
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Vp-V  o (mY)  
FIG. 4 
Current dens i ty  versus appl ied voltage (Vp), corrected for the 
open circuit  emf (Vo), for SLM layer B (a) and Pt (b). 
The role of cathodic concentrat ion overpotent ia ls  on 
e lectrode process can be expla ined on the basis of a re lat ive ly  
simple model. Previous work suggests that Schottky defects are 
the dominant  ionic defects in SLM [13]. The increase in 
e lectronic  conduct iv i ty  wi th  increasing stront ium content seems 
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to indicate that the concentrat ion  of e lectronic  charge carr iers 
is determined by the dopant  concentrat ion.  The usual  assumption 
is that in air these carr iers are small polarons local ized on 
manganese ions. Us ing the Kroger-V ink notation, the s impl i f ied 
e lect roneutra l i ty  condi t ion descr ib ing this s i tuat ion reduces to: 
[Srma'] = [Mn'] (5) 
and defect  react ions to be cons idered in this t reatment are: 
Oo x = 1/2 02 + Vo'" + 2 e' (6) 
0 = e' + h" (7) 
MnMn x + h" = MnMn" (8) 
From equi l ibr ium constants corresponding to react ions (6), (7) 
and (8), together with eq. (5), it can be shown that: 
[Vo''] ~ Po2 -x/2 (9) 
The ionic t ransport  number (t±) of SLM, a l though small, is the 
usual  rat io of ionic (a±) to total conduct iv i ty  (or): 
t± = O±Ic~ (i0) 
For values of ionic conduct iv i ty  much smal ler than the values of 
e lectronic  conduct iv i ty  (a.), eq. (i0) can be expressed as: 
tl = a±/o. (Ii) 
As the conduct iv i ty  components correspond to the product  of 
defect  concentrat ion,  mobi l i ty,  and charge, based on eq.s (5) and 
(9), and assuming that defect  mobi l i tes  are independent of 
oxygen part ia l  pressure, it can be shown that t± wi l l  be 
proport ional  to Po2 -I/2. An interest ing way to emphasize the role 
of concentrat ion  overpotent ia l  on the e lectrode mater ia l  
t ransport  propert ies  is to determine the rat io of the ionic 
t ransport  numbers corresponding to the extreme oxygen pressure 
condit ions in contact  wi th  the e lectrode material .  This can be 
given as: 
t± ..... /t± = (P/P . . . .  )i/= (12) 
where  PTPBL  and t i ,TPBL  are the oxygen part ia l  pressure and ionic 
t ransport  number of the e lectrode mater ia l  in the TPBL, and P and 
t± the cor responding values in the streaming gas. The same rat io 
can be re lated to the concentrat ion overpotent ia l  through the 
Nernst  relation, which results  in: 
t± ..... /t± = exp (2F~c/RT) (13) 
Not ic ing  that the cathodic overpotent ia l  (as expressed in eq. 
(4)) is a pos i t ive quantity,  it becomes obvious that the ionic 
transport  number of SLM exhibits  a strong increase wi th  
increasing concentrat ion overpotent ia l .  This also means that a 
s ign i f icant  concentrat ion  of oxygen vacancies wi l l  be avai lable 
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in the e lectrode material ,  to part ic ipate  in the e lectrode 
reaction. However, from the gas phase oxygen pressure prof i les 
obta ined from the solut ion of F ick's d i f fus ion law, even when 
J / JL approaches i, it can be shown that only a small port ion of 
the e lectrode mater ia l  near the TPBL wi l l  exhibi t  a s igni f icant 
increase in ionic transport  number. 
F igure 5 shows the results obta ined with the po lar izat ion 
exper iments  in a plot of l imit ing current  dens i ty  versus oxygen 
part ia l  pressure. These data indicate that l imit ing current 
densi t ies  are proport ional  to the oxygen content in the gas 
phase. The corre lat ion factors are somewhat poor (0.98) for all 
cases. The dependence in Figure 5 is coherent  with the 
fundamental  assumpt ion that gas phase oxygen transport  is the 
rate l imit ing step for the present work ing condit ions [5,12,14]. 
The results  presented in Figure 5 also indicate that cathodic 
l imit ing current densi t ies  for e lectrode A are smal ler than those 
obta ined for Pt electrodes, and that cathodic l imit ing current 
densi t ies  for e lectrode B are even smaller. Cons ider ing the 
prev ious ly  ment ioned arguments on the increase in act ive surface 
area for cathodic react ion with cathodic po lar izat ion of SLM 
layers, and compar ing the behavior  of both SLM layers, it must  be 
concluded that the increase in act ive surface area for cathodic 
react ion is not enough to compensate for inadequate morphology.  
This means that a l though a second mechanism for cathodic react ion 
might  be operat ing for h igh cathodic overpotent ia ls ,  the actual 
contr ibut ions  in terms of ionic t ransport  are not very large. 
This result  is also coherent with the model prev ious ly  discussed. 
100 
1000 °C 
8O m 
21- I~~1 ,I I 
0 100 200 300 400 500 
Po2(Pa) 
FIG. 5 
Cathodic l imit ing current  densi t ies  obta ined with d i f ferent  
e lectrode layers (see Table I). 
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The boundary layer thickness, estimated from present data on 
the basis of equation (3), is three orders of magnitude larger 
than the corresponding electrode thickness. As large pores are 
present in all electrode layers, and the overall porosity is not 
negligible, the existence of a constriction resistance related to 
the electrode/electrolyte effective surface area that 
participates in the electrode process could explain this type of 
result. In these circumstances the blocking characteristics of 
any electrode layer would be a combined result of electrode 
thickness, porosity, and TPBL. This can explain why the Pt 
electrode with a smaller TPBL and larger porosity exhibits a 
better performance than the SLM layer A with larger TPBL and 
smaller porosity. In terms of comparing SLM layers A and B, the 
decrease in TPBL and porosity resulted in smaller limiting 
current densities, as expected. This general explanation also 
agrees with the cathodic overpotential dependence on electrode 
layer thickness (0.8 to 3.2 ~m) reported by Yamamoto et al. [I], 
who found minimum overpotentials at 0.i A/cm 2 for layers with 2 
~m thickness, in air at 800°C. These polarization measurements 
performed in working conditions where concentration polarization 
is unlikely to be dominant indicate that electrode morphology is 
also important in terms of activation polarization. The idea of 
constriction resistance is also valid in this case as a small 
TPBL will result in high local effective current densities and 
correspondingly high activation overpotentials. 
Limiting current densities extrapolated on the basis of eq. 
(3) for air (21% oxygen content in the streaming gas) indicate 
that the limiting current densities for the Pt electrode would be 
about 4 A/cm 2. Only half this value would be obtained for 
electrode layer B. Estimates based on these values, eq. (4), and 
for current densities of 500 mA/cm 2 , indicate that in air 
concentration overpotential would range from 3 mV for Pt to 8 mV 
for SLM layer B. Although these values are almost negligible it 
should be noticed that actual electrodes for SOFCs are expected 
to be much thicker, which means that electrode morphology must be 
carefully controlled in order to ensure low concentration 
polarization losses in this type of technological applications. 
Conclusions 
One painted Pt electrode and two SLM layers deposited by 
fi lmcoating with different characteristics behaved differently in 
terms of concentration polarization. Layers with higher TPBL and 
porosity exhibit minimum concentration polarization losses, while 
layers with minimum TPBL and low porosities exhibit large 
polarization losses. Electrode morphology will play a significant 
role in determining polarization losses in current carrying 
devices where large current densities are expected for operating 
conditions of technological interest. 
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